Introduction {#S0001}
============

Colorectal cancer (CRC) is one of the most common types of malignant cancers in the world. As CRC cells are very aggressive with high metastatic potential, many CRC patients are diagnosed as advanced cancer at their first interview of doctor. To make matters worse, overall 5-year survival rate of CRC is very low.[@CIT0001],[@CIT0002] CRC has been one of the most serious diseases that threaten human health. Despite surgery is the most effective treatment for cancers, advanced CRC patients have lost the chance of surgery. Nevertheless, platinum-based chemotherapy is still a standard treatment for these advanced CRC patients.[@CIT0003]--[@CIT0005]

MicroRNAs (miRNAs) are a class of small, conservative and non-coding RNAs that negatively regulate more than 30% of coding genes. MiRNAs regulate genes through directly binding to the 3ʹ-untranslated region (3ʹ-UTR) of the targeted mRNAs.[@CIT0006]--[@CIT0008] Previous research has proved that miRNAs modulate proliferation, migration and apoptosis of various cancers including CRC.[@CIT0009]--[@CIT0011] Recently, studies indicate that aberrant expression of miRNAs is closely associated with drug resistance.[@CIT0012],[@CIT0013] Furthermore, miRNAs can be used to sensitize tumors to chemotherapy.[@CIT0014],[@CIT0015] Therefore, altering the expression of miRNAs may be a potential and promising strategy for overcoming the acquired drug resistance of CRC.

It is recognized that oxaliplatin is an effective chemotherapeutic drug in the treatment of CRC. Thus, oxaliplatin is commonly used in CRC therapy. However, development of acquired drug resistance against oxaliplatin usually occurs during the chemotherapy treatment course.[@CIT0016],[@CIT0017] Novel approaches are urgently required to reduce the oxaliplatin resistance of CRC.

Previous studies have reported that miR-138 acts as a tumor suppressor. It inhibits growth and metastasis of various cancers including lung cancer, gastric cancer and hepatocellular carcinoma. Furthermore, it has been reported that decrease of miR-138 predicts poor prognosis in some cancer patients.[@CIT0018]--[@CIT0021] More importantly, studies indicate that overexpression of miR-138 can increase the chemosensitivity of some cancers.[@CIT0022],[@CIT0023] However, the role of miR-138 in affecting the acquired drug resistance of CRC is still unclear. In the present study, we tried to explore the effect of miR-138 on reducing the oxaliplatin resistance of CRC.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

HT29/R and SW480/R cells were obtained by stepwise exposure of HT29 and SW480 cells to increasing concentrations of oxaliplatin from 0.2 μM to 2 μM for 6 months. HT29 and SW480 cell lines were obtained from the Cell Bank of the Institute of Biochemistry and Cell Biology (Shanghai, China) and cultured in RPMI-1640 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Inc.) at 37°C in a humidified 5% CO~2~ incubator.

Cell Transfection {#S0002-S2002}
-----------------

Human miR-138 mimics, negative control oligonucleotides (NCO), PDK1 siRNA (siRNA-PDK1), control siRNA (siRNA-control) and pcDNA3.1 vector were purchased from Genechem Co., Ltd. (Shanghai, China). The pcDNA3.1-PDK1 plasmid (plasmid-PDK1) was constructed by inserting the PDK1 open reading frame into the pcDNA3.1 vector. For transfection, cells were seeded into six-well plates, with the density of 4×10^5^ cells/well. Subsequently, the above RNA oligonucleotides or plasmid were transfected into cells with Lipofectamine^®^2000 (Thermo Fisher Scientific, Inc.) following the manufacturer's instruction.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#S0002-S2003}
----------------------------------------------------------

Cellular total RNAs were extracted by using Trizol reagent (Thermo Fisher Scientific, Inc.). To obtain the cDNA, extracted RNAs were reversely transcribed by One Step PrimeScript miRNA cDNA Synthesis Kit (TaKaRa, Dalian, China) according to the manufacturer's instruction. qPCR was performed by using a standard protocol from the SYBR Green PCR kit (Toyobo, Japan). The qPCR primer for miR-138 is as follows: 5ʹ-AGCTGGTGTTGTGAATCAGGCCG-3ʹ. U6 small nuclear RNA (snRNA U6) was used as the internal reference to determine the relative expression of miR-138 through the 2^−ΔΔCT^ method.

MTT Assay {#S0002-S2004}
---------

Cells with the density of 5×10^3^/well were seeded on a 96-well plate with 100 μL culture medium. Cells were incubated at 37°C in a humid atmosphere with 5% CO~2~ for 24 h before treatment with different concentrations of oxaliplatin. At the end of 48 h treatment with oxaliplatin, 20 μL MTT reagent (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) was added to the culture medium for 4 h incubation. The cells were then suspended in 150 μL dimethyl sulfoxide followed by detection of the absorbance at 570 nm on an enzyme-linked immunosorbent assay microplate reader (Sunrise Microplate Reader; TECAN, Männedorf, Switzerland). Then, we calculated the IC50 of oxaliplatin to CRC cells according to the cell viability curve.

Luciferase Reporter Assay {#S0002-S2005}
-------------------------

PDK1 3ʹ-UTR fragment containing predicted miR-138 binding site was amplified from cDNA of CRC cells. Subsequently, the fragment was inserted into pGL3 luciferase reporter vector (Promega, Madison, WI, USA). The pGL3 reporter with mutant PDK1 3ʹ UTR was conducted by using QuikChange Site-Directed Mutagenesis kit (Stratagene, Missouri, TEX, USA). For luciferase reporter assay, CRC cells were co-transfected with pGL3 reporter with wild-type (wt) or mutant-type (mt) PDK1 3ʹ UTR together with either NCO or miR-138 mimics via Lipofectamine^®^2000. 24 h after transfection, cells were collected and lysed. Then, the luciferase activities were confirmed by using dual-luciferase reporter assay system (Promega) according to the manufacturer's instruction.

Western Blot Analysis {#S0002-S2006}
---------------------

Treated cells were harvested and incubated in RIPA lysis buffer (Cell Signaling Technology Inc., Danvers, MA, USA) for 30 min at 4°C to isolate the total proteins. The extracted proteins were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (Roche, Basel, Switzerland). Subsequently, membranes were incubated with primary antibodies (Santa Cruze Biotechnology, Santa Cruz, CA, USA) at 4°C overnight and then incubated with secondary antibody (Santa Cruze Biotechnology) at room temperature for 2 h. Protein bands were visualized by using ECL Western Blot Substrate (Thermo Fisher Scientific, Inc.).

Analysis of Glycolysis {#S0002-S2007}
----------------------

Treated cells were harvested and washed with PBS twice. To evaluate the glycolysis of cells, relative glucose consumption, lactate generation and LDH activity were detected by using Amplex Red Glucose/Glucose Oxidase assay kit (Molecular Probes; Thermo Fisher Scientific, Inc. USA), Lactate Assay Kit (BioVision, Milpitas, CA, USA) and LDH Quantification Kit (Biovision), respectively.

Flow Cytometry Analysis {#S0002-S2008}
-----------------------

OCR, ROS and cell apoptosis were detected by flow cytometry analysis. For evaluation of OCR, oxygen-sensitive fluorescent probe Mito-Xpress (Luxcel Bioscience, Cork, Ireland) was used to analyze the oxygen consumption of cells. For measurement of apoptotic rate, Annexin V-FITC and propidium iodide (BD Pharmigen, San Diego, CA, USA) were used to calculate the Annexin V-positive cells. For the detection of cellular ROS, cells were stained with dihydroethidium (Molecular Probes) according to the manufacturer's instruction.

Statistical Analysis {#S0002-S2009}
--------------------

SPSS 16.0 statistical software (IBM Corporation, Armonk, NY, USA) was used to analyze the data. Non-paired *t* test was used to estimate the statistical differences between two groups. One-way analysis of variance (ANOVA) was applied to verify differences among three or more groups. *P* value \<0.05 was considered to indicate a statistically significant difference.

Results {#S0003}
=======

Oxaliplatin Resistance of SW480/R and HT29/R {#S0003-S2001}
--------------------------------------------

To study the oxaliplatin resistance in CRC, we continuously treated the HT29 and SW480 cell lines with oxaliplatin to establish the oxaliplatin-resistant CRC models. Next, we evaluated the sensitivity of oxaliplatin to these oxaliplatin-resistant HT29 and SW480 (HT29/R and SW480/R) cells. We showed that cell viability of HT29/R was higher than their parental HT29 cells when they were under the equal concentration of oxaliplatin ([Figure 1A](#F0001){ref-type="fig"}). Specifically, IC50 of oxaliplatin to HT29/R was 8.6 fold higher than that to HT29 cells, and the IC50 of oxaliplatin to SW480/R was 11.5 fold higher than that to SW480 cells ([Figure 1B](#F0001){ref-type="fig"}). We demonstrated that long-term exposure to oxaliplatin can induce obvious oxaliplatin resistance in CRC cells.Figure 1Resistance of HT29/R and SW480/R to oxaliplatin. (**A**) Differences of oxaliplatin sensitivity between HT29/R and SW480 cells and their parental HT29 and SW480 cells. (**B**) Differences of oxaliplatin IC50 between HT29/R and SW480 cells and their parental HT29 and SW480 cells.**Notes:** Data were expressed as mean±SD. \**P*\<0.05.**Abbreviation:** IC50, half-maximal inhibitory concentration.

HT29/R and SW480/R Cells Exhibit High Level of Glycolysis and Low Level of Oxygen Consumption Rate (OCR) {#S0003-S2002}
--------------------------------------------------------------------------------------------------------

We next evaluated the difference of glycolysis between HT29/R (SW480/R) cells and their parental HT29 (SW480) cells, because some studies have reported that glycolysis is essential for chemoresistance in some cancers.[@CIT0024],[@CIT0025] As shown in [Figure 2A](#F0002){ref-type="fig"}, HT29/R and SW480/R cells consumed more amount of glucose compared to the HT29 and SW480 cells. Furthermore, we observed that HT29/R and SW480/R cells produced more amount of lactate compared to the HT29 and SW480 cells ([Figure 2B](#F0002){ref-type="fig"}). Consistent with this, HT29/R and SW480/R cells showed higher activity of lactic dehydrogenase (LDH) rather than the HT29 and SW480 cells ([Figure 2C](#F0002){ref-type="fig"}). These data indicated that HT29/R and SW480/R cells exhibited higher level of glycolysis compared to the routine HT29 and SW480 cells. We next evaluated the difference of OCR between HT29/R (SW480/R) cells and their parental HT29 (SW480) cells. By contrast to the high level of glycolysis rate in HT29/R and SW480/R, OCR level in HT29/R and SW480/R was significantly lower than that in HT29 and SW480 cells ([Figure 2D](#F0002){ref-type="fig"}). Taken together, we demonstrated that oxaliplatin-resistant CRC cells exhibited higher rate of glycolysis and lower level of OCR compared to the routine CRC cells.Figure 2Differences of OCR between HT29/R and SW480/R cells and their parental HT29 and SW480 cells. (**A**) Differences of glucose consumption between HT29/R and SW480/R cells and their parental HT29 and SW480 cells. (**B**) Differences of lactate production between HT29/R and SW480/R cells and their parental HT29 and SW480 cells. (**C**) Differences of LDH activity between HT29/R and SW480/R cells and their parental HT29 and SW480 cells. (**D**) Differences of OCR between HT29/R and SW480/R cells and their parental HT29 and SW480 cells.**Notes:** Data were expressed as mean±SD. \**P*\<0.05 vs HT29, ^\#^*P*\<0.05 vs SW480.**Abbreviations:** OCR, glycolysis and oxygen consumption rate; LDH, dehydrogenase.

Expression of PDK1 Partially Determines the Oxaliplatin Sensitivity of CRC {#S0003-S2003}
--------------------------------------------------------------------------

To explore the mechanism by which HT29/R and SW480/R cells showed low level of OCR, we compared the expression of PDK1 between HT29/R (SW480/R) cells and their parental HT29 (SW480) cells, because PDK1 is a key enzyme that reduces available pyruvate for mitochondrial metabolism.[@CIT0026] As shown in [Figure 3A](#F0003){ref-type="fig"}, expression of PDK1 was obviously overexpressed in HT29/R and SW480/R cells. To explore the association between oxaliplatin resistance and PDK1 expression, we overexpressed the PDK1 in the routine HT29 and SW480 cells ([Figure 3B](#F0003){ref-type="fig"}). We then found that overexpression of PDK1 significantly decreased the sensitivity of HT29 and SW480 cells to oxaliplatin ([Figure 3C](#F0003){ref-type="fig"}). Specifically, transfection with plasmid-PDK1 increased the oxaliplatin IC50 by 4.4 fold to HT29/R and 5.3 fold to SW480/R ([Figure 3D](#F0003){ref-type="fig"}). On the other hand, we knockdown the PDK1 gene in HT29/R and SW480/R cells by transfection with siRNA-PDK1 ([Figure 3E](#F0003){ref-type="fig"}). We then found that direct inhibition of PDK1 increased the sensitivity of HT29/R and SW480/R cells to oxaliplatin treatment ([Figure 3F](#F0003){ref-type="fig"}). Specifically, siRNA-PDK1 decreased the oxaliplatin IC50 by 68.0% to HT29/R and 75.7% to SW480/R ([Figure 3G](#F0003){ref-type="fig"}). These data indicated that expression profile of PDK1 partially determined the oxaliplatin sensitivity of CRC. Overexpression of PDK1 is responsible for oxaliplatin resistance in HT29/R and SW480/R.Figure 3PDK1 partially determined the oxaliplatin sensitivity of CRC. (**A**) HT29/R and SW480/R cells expressed higher level of PDK1 compared to the HT29 and SW480 cells. (**B**) Transfection with plasmid-PDK1 increased the expression of PDK1 in HT29 and SW480 cells. (**C**) Transfection with plasmid-PDK1 decreased the cytotoxicity of oxaliplatin (10 μM) against HT29 and SW480 cells. (**D**) Transfection with plasmid-PDK1 increased the IC50 of oxaliplatin to HT29 and SW480 cells. (**E**) Transfection with siRNA-PDK1 decreased the expression of PDK1 in HT29/R and SW480/R cells. (**F**) Transfection with siRNA-PDK1 increased the cytotoxicity of oxaliplatin (10 μM) against HT29/R and SW480/R cells. (**G**) Transfection with siRNA-PDK1 decreased the IC50 of oxaliplatin to HT29/R and SW480/R cells.**Notes:** Data were expressed as mean±SD. ^\#^*P*\<0.05 vs oxaliplatin+plasmid-empty, ^&^*P*\<0.05 vs oxaliplatin+siRNA-control, \**P*\<0.05.**Abbreviations:** CRC, colorectal cancer; LDH, dehydrogenase; IC50, half maximal inhibitory concentration; siRNA, small interfering RNA; PDK1, pyruvate dehydrogenase kinase 1.

PDK1 Is Targeted by miR-138 in HT29/R and SW480/R {#S0003-S2004}
-------------------------------------------------

Since expression level of numerous genes was regulated by miRNAs, we searched the potential upstream regulator of PDK1 through the public miRNA prediction databases of TargetScan, miRanda, and PicTar. Among the candidate miRNAs, miR-138 was commonly predicted by all of these databases. The potential complementary site paired with miR-138 and PDK1 was shown in [Figure 4A](#F0004){ref-type="fig"}. Additionally, expression of miR-138 was found to be downregulated in HT29/R and SW480/R cells compared to the HT29 and SW480 cells ([Figure 4B](#F0004){ref-type="fig"}). These results suggested the potential negative correlation between PDK1 expression and miR-138 level in HT29/R and SW480/R. Next, we observed significant inhibition of PDK1 expression after transfection with miR-138 in HT29/R and SW480/R cells ([Figure 4C](#F0004){ref-type="fig"}). Furthermore, results of luciferase reporter assays showed that co-transfection with miR-138 significantly inhibited the luciferase activities of the reporters contained wild type PDK1 3ʹ-UTR but not the mutant one ([Figure 4D](#F0004){ref-type="fig"}). These data indicated that miR-138 targeted PDK1 in CRC. Overexpression of PDK1 was induced by decrease of miR-138 expression in HT29/R and SW480/R.Figure 4PDK1 was the target of miR-138 in HT29/R and SW480/R. (**A**) PDK1 mRNA 3ʹ UTR exits potential binding site paired with miR-138. (**B**) Significant downregulation of miR-138 in HT29/R and SW480/R compared to their parental cells. (**C**) Effect of miR-138 on inhibiting the expression of PDK1 in HT29/R and SW480/R cells. (**D**) Co-transfection with miR-138 decreased the luciferase activities of the pGL3 reporters contained wild type PDK1 3ʹ-UTR but not the mutant one.**Notes:** Data were expressed as mean±SD. \**P*\<0.05.**Abbreviation:** PDK1, pyruvate dehydrogenase kinase 1.

MiR-138/PDK1 Axis Fails to Change the Glycolysis of HT29/R and SW480/R {#S0003-S2005}
----------------------------------------------------------------------

To explore the role of PDK1 in regulating the glycolysis in HT29/R and SW480/R, we transfected the HT29/R and SW480/R cells with siRNA-PDK1 or miR-138. As shown in [Figure 5A](#F0005){ref-type="fig"}, neither siRNA-PDK1 nor miR-138 obviously changed the consumption of glucose in HT29/R and SW480/R cells. Similarly, we can not observe significant differences of lactate production ([Figure 5B](#F0005){ref-type="fig"}) and LDH activity ([Figure 5C](#F0005){ref-type="fig"}) in HT29/R and SW480/R cells when they were transfected with siRNA-PDK1 or miR-138. These data showed that knockdown of PDK1 expression can not influence the glycolysis in HT29/R and SW480/R cells.Figure 5MiR-138 and siRNA-PDK1 failed to change the glycolysis level of HT29/R and SW480/R. (**A**) MiR-138 and siRNA-PDK1 exhibited no activity on glucose consumption of HT29/R and SW480/R cells. (**B**) MiR-138 and siRNA-PDK1 failed to change the lactate generation in HT29/R and SW480/R cells. (**C**) MiR-138 and siRNA-PDK1 failed to change the LDH activity in HT29/R and SW480/R cells.**Note:** Data were expressed as mean±SD.**Abbreviations:** LDH, dehydrogenase; siRNA, small interfering RNA; PDK1, pyruvate dehydrogenase kinase 1.

MiR-138 Targets PDK1 to Increase the OCR and Decrease the Oxaliplatin Resistance of HT29/R and SW480/R {#S0003-S2006}
------------------------------------------------------------------------------------------------------

Despite miR-138 exhibited no activity on glycolysis, we found that either siRNA-PDK1 or miR-138 significantly increased the OCR of HT29/R and SW480/R cells ([Figure 6A](#F0006){ref-type="fig"}). Next, we co-transfected the HT29/R and SW480/R cells with miR-138 and plasmid-PDK1 before measurement of OCR. As shown in [Figure 6B](#F0006){ref-type="fig"}, despite miR-138 increased the OCR of HT29/R and SW480/R, enforced expression of PDK1 abolished the activity of miR-138 on OCR. We thus confirmed that the miR-138-induced enhancement of OCR was dependent on the inhibition of PDK1. Furthermore, results of MTT assays showed that treatment with miR-138 increased the sensitivity of HT29/R and SW480/R cells to oxaliplatin. However, co-transfection with plasmid-PDK1 increased the cell viability of HT29/R and SW480/R cells which were co-treated with oxaliplatin and miR-138 ([Figure 6C](#F0006){ref-type="fig"}). Specifically, miR-138 decreased the IC50 of oxaliplatin by 76.2% to HT29/R and 83.2% to SW480/R ([Figure 6D](#F0006){ref-type="fig"}). These data indicated that overexpression of miR-138 can increase the OCR and partially reverse the oxaliplatin resistance of HT29/R and SW480/R cells through suppression of PDK1.Figure 6MiR-138 increased the OCR and decreased the oxaliplatin resistance of HT29/R and SW480/R through suppression of PDK1. (**A**) MiR-138 and siRNA-PDK1 significantly increased the OCR of HT29/R and SW480/R cells. (**B**) Transfection with plasmid-PDK1 inhibited the effect of miR-138 on increasing the OCR in oxaliplatin-treated (10 μM) HT29/R and SW480/R cells. (**C**) Transfection with plasmid-PDK1 decreased the sensitization of miR-138 on oxaliplatin-induced (10 μM) cytotoxicity against HT29/R and SW480/R cells. (**D**) Transfection with plasmid-PDK1 decreased the IC50 of oxaliplatin to HT29/R and SW480/R cells.**Notes:** Data were expressed as mean±SD. \**P*\<0.05 vs NCO group, ^\#^*P*\<0.05 vs oxaliplatin+NCO group, ^&^*P*\<0.05 vs oxaliplatin+miR-138 group.**Abbreviations:** OCR, glycolysis and oxygen consumption rate; IC50, half-maximal inhibitory concentration; siRNA, small interfering RNA; PDK1, pyruvate dehydrogenase kinase 1; NCO, negative control oligonucleotides.

MiR-138 Promotes the Generation of ROS in HT29/R and SW480/R Through Suppression of PDK1 {#S0003-S2007}
----------------------------------------------------------------------------------------

To explore the mechanism by which miR-138/PDK1 axis changed the oxaliplatin sensitivity of HT29/R and SW480/R, we measured the level of ROS which is mainly generated from mitochondria.[@CIT0027] As shown in [Figure 7A](#F0007){ref-type="fig"}, despite miR-138 single treatment cannot induce the generation of ROS, it obviously promoted production of ROS in HT29/R and SW480/R cells. On the other hand, overexpression of PDK1 decreased the ROS level in the oxaliplatin and miR-138 co-treated HT29/R and SW480/R cells. Our results showed that miR-138 can enhance the effect of oxaliplatin on generating the ROS in HT29/R and SW480/R through suppression of PDK1. To evaluate the role of ROS in HT29/R and SW480/R, N-acetylcysteine (NAC) was used to remove the ROS.[@CIT0028] Despite miR-138 obviously promoted the oxaliplatin-induced cell death in HT29/R and SW480/R, addition with NAC significantly reduced the cytotoxicity of them against HT29/R and SW480/R cells ([Figure 7B](#F0007){ref-type="fig"}). These results indicated that miR-138 targeted PDK1 to promote the generation of ROS. Increase of ROS level was a key mechanism for miR-138 to partially reverse the oxaliplatin-resistance of HT29/R and SW480/R.Figure 7MiR-138 promoted generation of ROS in oxaliplatin-treated HT29/R and SW480/R cells. (**A**) MiR-138 enhanced the effect of oxaliplatin (10 μM) on producing the ROS in HT29/R and SW480/R cells. (**B**) NAC (2 mM) decreased the sensitization of miR-138 on oxaliplatin-induced (10 μM) cytotoxicity against HT29/R and SW480/R cells.**Notes:** Data were expressed as mean±SD. ^\#^*P*\<0.05 vs oxaliplatin+NCO group, ^&^*P*\<0.05 vs oxaliplatin+miR-138 group.**Abbreviations:** NCO, negative control oligonucleotides; ROS, reactive oxygen species; NAC, N-acetylcysteine.

MiR-138 Promotes Oxaliplatin-Dependent Apoptosis in HT29/R and SW480/R Through the PDK1/ROS/ASK1/JNK/Bcl-2 Pathway {#S0003-S2008}
------------------------------------------------------------------------------------------------------------------

The preceding results have proved that miR-138 promoted oxaliplatin-induced cell death of HT29/R and SW480/R through the ROS pathway. We thus investigated the potential role of cellular ROS in activation of apoptosis signal-regulating kinase 1 (ASK1). As shown in [Figure 8A](#F0008){ref-type="fig"}, miR-138 promoted phosphorylation of ASK1 in the oxaliplatin-treated HT29/R and SW480/R cells. However, either plasmid-PDK1 or NAC inhibited the phosphorylation of ASK1. Furthermore, as the downstream of ASK1, c-Jun N-terminal kinase (JNK) was significantly phosphorylated in the miR-138 and oxaliplatin co-treated HT29/R and SW480/R cells ([Figure 8B](#F0008){ref-type="fig"}). Previous research has proved that activation of JNK induces phosphorylation of Bcl-2, and thus suppressing the anti-apoptotic function of Bcl-2.[@CIT0029] As shown in [Figure 8C](#F0008){ref-type="fig"}, combination with oxaliplatin and miR-138 induced significant phosphorylation of Bcl-2 in HT29/R and SW480/R cells. However, either plasmid-PDK1 or NAC inhibited the phosphorylation of it. As the results of Bcl-2 inhibition, we finally observed significant apoptotic cell death of HT29/R and SW480/R when they were co-treated with oxaliplatin and miR-138 ([Figure 8D](#F0008){ref-type="fig"}). Taken together, we demonstrated that miR-138 promoted oxaliplatin-dependent apoptosis in HT29/R and SW480/R through the PDK1/ROS/ASK1/JNK/Bcl-2 pathway.Figure 8ASK1/JNK/Bcl-2 pathway in miR-138 and oxaliplatin co-treated HT29/R and SW480/R cells. (**A**) MiR-138 enhanced the phosphorylation of ASK1 in oxaliplatin-treated (10 μM) HT29/R and SW480/R cells, whereas plasmid-PDK1 or NAC (2 mM) inhibited the ASK1 phosphorylation. (**B**) Effect of miR-138, plasmid-PDK1, oxaliplatin (10 μM) and NAC (2 mM) on changing the phosphorylation of JNK in HT29/R and SW480/R cells. (**C**) Effect of miR-138, plasmid-PDK1, oxaliplatin (10 μM) and NAC (2 mM) on changing the phosphorylation of Bcl-2 in HT29/R and SW480/R cells. (**D**) miR-138 enhanced oxaliplatin-induced (10 μM) apoptosis of HT29/R and SW480/R cells, whereas plasmid-PDK1 or NAC (2 mM) decreased the apoptotic rate of them.**Notes:** Data were expressed as mean±SD. \**P*\<0.05 vs NCO group, ^\#^*P*\<0.05 vs oxaliplatin+NCO group, ^&^*P*\<0.05 vs oxaliplatin+miR-138 group.**Abbreviations:** NCO, negative control oligonucleotides; NAC, N-acetylcysteine; PDK1, pyruvate dehydrogenase kinase 1; ASK1, apoptosis signal-regulating kinase 1; JNK, c-Jun N-terminal kinase; Bcl-2, B-cell lymphoma-2.

Discussion {#S0004}
==========

Oxaliplatin is one of the first-line chemotherapeutic drugs in the treatment of CRC.[@CIT0030] As a platinum-based drug, oxaliplatin cross-links with DNAs and thus induces apoptotic cell death of cancer cells.[@CIT0031],[@CIT0032] However, under the long-term use of oxaliplatin, cancer cells including CRC cells usually show poor response to oxaliplatin-induced apoptosis.[@CIT0033]--[@CIT0035] It is urgent to explore the underlying mechanism of the apoptosis-resistance and develop novel strategies to reverse the drug resistance.

Recently, studies report that chemoresistant cancer show high level of glycolysis.[@CIT0024],[@CIT0025] However, the potential mechanism for illustrating the association between glycolysis and chemoresistance is still unclear. In the present study, we found that the oxaliplatin-resistant CRC cells consumed more amount of glucose and exhibited higher level of glycolysis compared to the routine CRC cells. However, we observed a significantly lower level of OCR in oxaliplatin-resistant CRC cells. These results suggested that oxaliplatin-resistant CRC cells were more dependent on glycolysis than sensitive ones.

PDK1 reduces available pyruvate for mitochondrial oxidative phosphorylation through inactivating the pyruvate dehydrogenase.[@CIT0026] Therefore, PDK1 is a key enzyme that connects glycolysis and OCR. Previous studies have demonstrated that PDK1 acts as a tumor promoter and exhibits anti-apoptotic activity in some cancers.[@CIT0036]--[@CIT0038] Furthermore, overexpression of PDK1 is reported to be associated with development of chemoresistance in different types of malignancy.[@CIT0039] In this study, we observed significantly higher level of PDK1 in oxaliplatin-resistant CRC cells. We then proved that overexpression of PDK1 induced low OCR and is responsible for oxaliplatin resistance in oxaliplatin-resistant CRC cells. Knockdown of PDK1 can increase the OCR level and partially reversed the oxaliplatin resistance of oxaliplatin-resistant CRC cells. Furthermore, we found that overexpression of PDK1 was induced by downregulation of miR-138 in oxaliplatin-resistant CRC cells. Restore of miR-138 in oxaliplatin-resistant CRC cells can resensitize them to oxaliplatin treatment through inhibition of PDK1.

ROS is a cellular product under stress conditions. Previous research have indicated that the anti-tumor effect of oxaliplatin is closely related to the ROS accumulation.[@CIT0040],[@CIT0041] ASK1 is a serine/threonine protein kinase that acts as downstream molecule of ROS.[@CIT0042] As a key intermediate-bridge of ROS-dependent apoptotic pathway, activated ASK1 induces apoptotic cell death through phosphorylating the JNK which is one member of MAPK family.[@CIT0043]--[@CIT0045] Moreover, activation of JNK sensitizes mitochondrial apoptosis by inactivating the Bcl-2 through phosphorylation modification of it.[@CIT0029],[@CIT0046]

In our further research, we demonstrated that miR-138-inhibited expression of PDK1 through binding to the 3ʹ UTR of PDK1 mRNA. Therefore, miR-138 enhanced OCR to facilitate the generation of ROS caused by oxaliplatin treatment. Cellular high level of ROS induced phosphorylation of ASK1 and subsequent phosphorylation of JNK and Bcl-2. Despite dephosphorylated Bcl-2 exhibited powerful anti-apoptotic activity, Bcl-2 with phosphorylation modification lost its function. As a result, apoptotic cell death occurred in the oxaliplatin and miR-138 co-treated HT29/R and SW480/R cells. In summary, miR-138 promoted oxaliplatin-dependent apoptosis in HT29/R and SW480/R through the PDK1/ROS/ASK1/JNK/Bcl-2 pathway.
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